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INTRODUCTION
A scheme for green plant photosynthesis consisting
of two photoacts and a connecting electron trans-
fer process was proposed in 1960 by Hill and
Bendall (8). Many lines of evidence have provided
support for this scheme (20) and have led a num-
ber of investigators to attempt to separate physi-
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ABSTRACT
Spinach chloroplast lamellae were washed free of negatively staining surface particles
(carboxydismutase and coupling factor protein) and the resulting smooth-surfaced lamellae
still showed the usual large (175 A) and small (110 A) particles seen by freeze-etching .
Therefore, the freeze-fracture plane probably occurs along an internal surface of the chloro-
plast membrane.
Fractions obtained by differential centrifugation of digitonin-treated chloroplast mem-
branes were studied by negative staining, thin sectioning, and freeze-etching techniques
for electron microscopy . The material sedimenting between 1,000 g and 10,000 g, enriched
in photosystem II activity, was shown to consist of membrane fragments. These freeze-
etched membrane fragments were found to have large particles on most of the exposed
fracture faces. The large particles had the same size and distribution pattern as the 175 A
particles seen in intact chloroplast membranes. The material sedimenting between 50,000 g
and 144,000 g, which had only photosystem I activity, was found to consist of particles in
various degrees of aggregation . Freeze-etching of this fraction revealed only small particles
corresponding to the 110 A particles seen in intact chloroplasts . A model is presented sug-
gesting that chloroplast lamellar membranes have a binary structure, which digitonin
splits into two components. The two membrane fragments have different structures, re-
vealed by freeze-etching, and different photochemical and biochemical functions.
cally the two photosystems (6) . Boardman and
Anderson in 1964 (2) used digitonin to fractionate
chloroplast membranes and obtained several
chlorophyll-containing fragments by differential
centrifugation. The heavy fraction, which sedi-
mented at 10,000 g, was found to be enriched inparticles representative of photosystem II activity,
while the light particles sedimenting at 144,000 g
were representative of photosystem I (1).
Photochemically active fractions from digitonin-
treated chloroplasts have been examined by nega-
tive staining for electron microscopy (7) . The
photosystem II (10,000 g) fraction revealed mem-
branous sheets, while the 50,000 g fraction (pri-
marily photosystem I) showed small disklike
sheets and numerous particles (see references 21
and 22 also).
As pointed out by Howell and Moudrianakis
(10), negative staining reveals the coupling factor
protein and carboxydismutase, both of which can
be removed by certain treatments (leaving smooth
membranes) which do not affect the electron
transport activity of chloroplasts. Park and
Pheifhofer (16) showed that treatments analogous
to those of Howell and Moudrianakis (but without
the sucrose density gradient step) did not alter the
appearance of the large (175 A) particle revealed
by the freeze-etch technique . If Branton and
Park's concept (3) is correct in claiming that the
freeze-fracture occurs along an interior face of the
chloroplast membrane, the particles so revealed
would not necessarily bear any resemblance to the
surface structures revealed by negative staining.
The purpose of this study was: (a) to differenti-
ate more clearly between chloroplast membrane
structure revealed by negative staining and that
revealed by freeze-etching ; and (b) to characterize
the ultrastructure and the biochemical functions
of fractions obtained by digitonin treatment of
chloroplast membranes. Part of this work has been
reported in preliminary form (5) .
MATERIALS AND METHODS
Detergent Treatment Procedure
Chloroplasts were prepared from market spinach
as described by Boardman and Anderson (1) except
that a Waring blender was used to grind the leaf
tissue for 30 seconds . The brei was then filtered
through 4 and then 12 layers of cheesecloth and the
chloroplasts were sedimented by centrifugation at
1000 g. The resuspended pellet was incubated for 1
hr at a concentration of 25 mg chlorophyll per ml
and with 0.51 ] 0 twice recrystallized digitonin . Frac-
tions were collected by differential centrifugation as
described previously (2). The pellets obtained from
centrifugation and intact chloroplasts were resus-
pended in 0.05 M phosphate buffer (pH 7.2) con-
taining 0.01 M KCI for enzymatic assays . The pellet
from the 144,000 g centrifugation generally was
rinsed gently with buffer to remove digitonin re-
maining in the centrifuge tube ; as a result a variable
amount of the pellet was resuspended with the super-
natant and the wash solution. This necessarily re-
sulted in having more photochemical activity in this
combined supernatant fraction than would be pres-
ent in the supernatant without the wash step.
In some preparations, the pellet obtained by cen-
trifugation at 144,000 g was further purified to re-
move photochemically inactive nongreen proteins by
chromatography of the resuspended particles on a
diethylaminoethyl-cellulose (DEAE-cellulose) col-
umn. Increasing concentrations of NaCl were used
to elute various proteins . The green photoactive band
was eluted from the column with a 0.5 ss salt solution
containing 0.5% digitonin. All salt solutions were
made up in the phosphate buffer-KCI solution used
for particle resuspension.
Chloroplast Membrane Preparation
Chloroplasts were also isolated from market spin-
ach as described by Howell and Moudrianakis (9)
and were used for structural studies . The EDTA
extraction of chloroplast membranes described by
these authors was followed for preparation of smooth
membranes.' This included two 1 hr washes in 1 .0
mM EDTA and a sucrose gradient separation of the
membranes obtained by washing. Fractions col-
lected from the sucrose gradient were diluted with
water and pelleted by centrifugation at 10,000 g
for 15 min.
Electron Microscopy
For negative staining, a drop of the sample solu-
tion was mixed with equal parts of 2% neutralized
phosphotungstic acid and placed on a Formvar-
coated grid, and excess liquid was removed with
filter paper. For thin sectioning, the membrane pel-
lets were fixed in 2% glutaraldehyde, postfixed in 2%
osmium tetroxide, and embedded in an Epon-Aral-
dite mixture (12). Silver-grey sections were post-
stained with 21/0 uranyl acetate and lead citrate.
Samples used for freeze-etching were frozen on cop-
per disks and fractured in a freezing microtome as
described by Moor and Miihlethaler (13) . All sam-
ples were observed and photographed in a Philips
EM 200 microscope.
Enzyme Assay Procedures
t Photochernically induced electron transfer reac-
uons were followed spectrophotometrically with a
' Abbreviations used : DCIP, dichlorophenolindole-
phenol; NADP, nicotinamide adenine dinucleotide
phosphate; Asc, Sodium ascorbate ; EDTA, ethylene-
diamine-tetraacetic acid ; ATP, adenosine triphos-
phate.
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as described by Zaugg (25). For photosystem I
assays, partially purified spinach ferredoxin was
prepared from the directions of San Pietro and Lang
(18) . This preparation contained some plastocyanin
and NADP reductase.
Assays for calcium dependent ATPase activity
were conducted as described by Vambutas and
Racker (19) with use of 32P-labeled ATP. Activation
of the ATPase enzyme was obtained by heating the
samples for 2 min at 65°C. Protein determinations
were done according to the procedure of Lowry et al.
(11) .
RESULTS
Comparison of Freeze-etched and Negatively
Stained Chloroplast Lamellae Membranes
F Numerous 100-120 A particles are observed on
negatively stained, water-washed chloroplast
membranes (Fig. 1). These particles, which have
been studied extensively by Howell and Moudri-
anakis (10), have been identified as a Ca++-
dependent ATPase which is involved in the dark,
terminal stage of photophosphorylation. Carboxy-
dismutase also has been shown by these authors to
exist as a particulate structure on the membranes;
however, the major portion of it is removed by
water washing. Particulate subunits are also ob-
served on freeze-etched samples of chloroplast
membranes (Fig. 2), and appear to be identical to
the structures which have been described by
Mtlhlethaler et al . (14) and Branton and Park (3) .
The large particles observed on many fracture
faces (labeled face B) average about 175 A in
diameter and are distributed randomly about the
surface. In general, these particles could be char-
acterized by their patterns of dispersal; that is, in
very few cases are these structures closely packed .
In contrast, those fracture faces (labeled A and C)
showing smaller particles (110 A, average size)
display a densely packed array. The observed
small particles occur either as discrete subunits
(labeled face C) or as indistinct particles (labeled
face A).
The figure labeling used for this paper is the
same as that adopted by Branton and Park (3)
who have discussed this pattern of distribution in
more detail. They have interpreted their results to
mean that frozen lamellae in freeze-etching are
split along the interior of the membrane, and that
the particles observed are subunits within the
membrane and are not equivalent to the mem-
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bran-bound particles observed by negative
staining.
To test this hypothesis, we obtained smooth
chloroplast membranes by the EDTA wash pro-
cedure of Howell and Moudrianakis (9) and ex-
amined them with freeze-etching . As seen in
Figure 3, we find that the dense fractions obtained
from the sucrose density gradient separation of
EDTA-washed membranes reveal that the mem-
branes are completely free of surface particles and
appear smooth by negative staining. However, it
is obvious that both large and small particles are
still present in the freeze-etched replicas of these
same smooth membrane (Fig. 4) . Photosystem I
and II assays were conducted on these membranes
as described in Table I . The rates of reduction
were found to be 31 and 25 µmoles reduced/mg
chlorophyll/hour for DCIP and NADP, respec-
tively; therefore, both photosystems still seem to
be intact. The results also indicate that the parti-
cles observed by freeze-etching of chloroplast
lamellae are indeed an integral part of the
membrane structure and are not located on the
membrane surface. These findings are in agree-
ment with similar experiments of Park and
Pheifhofer (16).
Structure and Function of Fragments of
Digitonin- Treated Chloroplast Lamellae
Three assays for photochemical activity were
carried out on the fractions used in this study. A
Hill reaction (photoreduction of 2 , 6-dichloro-
phenolindolephenol coupled to 02 evolution) was
used as a measure of photosystem II activity.
Measurement of the rate of NADP reduction in a
Hill reaction indicated the amount of electron
transport coupling between the two photosystems
since system II is required for the oxidation of
water and system I is needed to transfer the elec-
trons to NADP. Lastly, since sodium ascorbate
plus an indolephenol dye can replace the oxida-
tion of water as an electron source, NADP reduc-
tion in the presence of this donor system is a good
measurement of system I activity (20) .
Table I shows that after digitonin treatment the
chloroplast fragments obtained in our experiments
give the same distribution of photochemical ac-
tivity as previously observed (2) . It is apparent that
detergent treatment has greatly reduced the DCIP
reduction activity of the photosynthetic mem-
branes since about 25 % of the original activity is
recovered. In spite of this, however, the 10,000 gMarxer lines on all figures are equivalent to 0.2 'U.
FIGURE 1 Negatively stained preparation of a water-washed chloroplast thylakoid . Particles on the
surface of the membrane have been identified as a Ca++-dependent ATPase (10). X 75,000.
FIGURE 2 Fracture faces of chloroplast lamellae revealed by freeze-etching. The nomenclature of the
surfaces (A, B, and C) is that given by Branton and Park (3) . Surface A is characterized by poorly-
defined closely packed 110 A particles . Surface C is also composed of closely packed 110 A particles,
but they are seen in greater relief than the particles on Surface A . Surface B is characterized by the
occurrence of randomly spaced 175 A particles on a smooth background. X 84,500.FIGURE 3 Smooth, EDTA-washed chloroplast lamellae seen by negative staining. The EDTA washing
and subsequent sucrose density gradient purification were carried out according to the procedure of
Howell and Moudrianakis (9). Note the absence of distinct particles normally seen on the lamellae sur-
face as shown in Figure 1 . X 45,000.
FIGURE 4 Freeze-etch preparation of a sample of EDTA-washed chloroplast lamellae. The EDTA
washing and sucrose density gradient purification were similar to that given in Figure 3. Negative staining
revealed smooth membranes similar to those shown in Figure 3 . Large particles (175 A) and small particles
(110 A) are still present on typical B and C faces, respectively . X 64,000.TABLE I
Photochemical and Enzymatic Activities of Chloroplast and Detergent-Derived Subchloroplast Particles
The reaction mixtures for the assays were as follows . DCIP reduction : 0.05 M K2HPO4, 0.01 M KCI,
30-40 /Ag chlorophyll per ml, 3 .5 X 10-5 M DCIP and 3 X 10-3 M NH4CI in a final 2.5 ml at pH 7.2 and
20 °C. NADP reduction with water as the ultimate reductant : similar to above except that 6 X 10-4 M
NADP replaced DCIP and that a saturating amount of ferredoxin was used . NADP reduction with DCIP
and sodium ascorbate as the electron donor : similar to NADP reduction above except that 3.5 X 10-4 M
DCIP and 6 X 10-3 M sodium ascorbate were added. Red light (using a Corning 2403 and a 1-69 infrared
filter) was used to illuminate the reaction mixtures . The ATPase assay was as described in Methods .
fraction. showed a high rate of DCIP reduction
relative to NADP reduction, and is therefore, rep-
resentative of a fraction containing primarily
photosystem II activity. The fractionated material
sedimenting at 144,000 g showed no DCIP reduc-
tion or NADP reduction from water, but very high
rates of NADP reduction in the presence of the
artificial electron donor system . Thus, the 144,000
g fraction contains only photosystem I activity.
Since it has been shown that a Ca++-dependent
ATPase is associated with the chloroplast (19) and
is localized on the lamellae as a membrane-bound
particulate protein (10), distribution of the
ATPase activity is also shown in Table I. It is
obvious that much more of the enzyme is associ-
ated with the light photosystem I fraction than
with the heavy fractions.
The 10,000 g and 144,000 g fractions appear to
represent photosystem II and I, respectively, and
were chosen for ultrastructure analysis by freeze-
etching, negative staining, and thin sectioning .
Detergent-treated membranes sedimenting at
10,000 g appear as membranous fragments when
examined by negative staining (Fig . 5). There are
often two types of particles observed by this tech-
nique. Particles labeled (S) appear sharply de-
lineated and seem to be on the surface of the mem-
brane. They seem to be identical in size and ap-
pearance to the ATPase particle seen in Figure 1 .
Presumably these particles relate to the low
ATPase activity observed in this fraction (see
Table I) . Particles labeled (M) are less sharply
delineated and are larger. Because they never ap-
pear to protrude from the edge of membranes, we
believe they are substructures within the mem-
brane itself. Although rather indistinct, these par-
ticles are considerably larger than the ATPase
particles. Thin-sectioned samples of these same
membranes (Fig. 6) show an average thickness of
about 110 A; however, thinner regions of about
50 A thickness are often observed. In some cases,
two such thin portions merge together to form a
thick membrane (see arrows) . It seems possible
that all thick membranes may have formed by an
association of thinner 50 A fragments. The control
chloroplasts (not shown) treated in the same way,
except not exposed to digitonin, had single mem-
branes about 75-80 A thick and partition mem-
branes about 140 A thick; these measurements are
in agreement with values in the literature (24) .
The appearance of randomly scattered, densely
staining globules seen in these sections is ap-
parently due to detergent-lipid complexes since
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Fraction Chlorophyll content
Rate of reduction
Ca++-dependent
ATPase activity DCIP NADP
NADP with
DCIP Asc
mg µmoles/mg chlorophyll/hr
µmoles P; released/
mg chlorophyll/hr
Control chloroplasts (be-
fore digitonin)
35 .0 164. 88.0 148 132 .0
1,000 g 6 .75 36 . 1 .66 53 15 .8
10,000 g 15.00 36 . 11 .0 19 41 .1
50,000 g 3 .65 5 . 0 115 235 .0
144,000 g 1 .92 0 0 325 294 .0
144,000 g supernatant 4 .88 0 0 320 292 .0FIGURE 5 Negatively stained fragments obtained in the digitonin 10,000 g fraction . S refers to the
sharply delineated surface-bound particles. M indicates the less distinct membrane subunits. X 55,000.
FiomtE 6 A thin-sectioned sample of the 10,000 g detergent fraction . The arrow indicates two thin
membranes which appear to be merging to form one thick membrane. X 70,000. Inset, a higher mag-
nification picture showing two 50 A thick membranes (arrows) fusing to form a membrane about 100 A.
X 197,000.FIGURE 7 Top and bottom . Freeze-fractured surfaces of a 10,000 g detergent fraction . Top, longitudinal
fractures of chloroplast lamellae showing predominantly large (175 A) particles. X 64,000 . Bottom, longi-
tudinal and cross sectional fractures of chloroplast lamellae. X 64,000 .
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23the globules were not observed in control chloro-
plast samples.
Examination of the 10,000 g fraction by freeze-
etching also shows membranous fragments, in
both longitudinal and cross-section (Fig. 7) . Al-
though small patches of densely packed, small
particles are present on these fracture faces, the
predominant structures observed in these samples
are loosely packed, large particles . An estimate
of the ratios of large particle surface areas
(B faces/A + C faces) gave an increase from ap-
proximately unity in control chloroplasts to 2.6 in
the 10,000 g fraction . The particulate subunit
structure of these membranes is particularly obvi-
ous in some cross-sections where the large particles
appear in a beadlike pattern.
The 144,000 g fraction obtained by differential
centrifugation of digitonin-treated membranes
shows a rather different composition by negative
staining. In addition to small disklike membrane
fragments, numerous small particles of about
100-120 A are observed (Fig . 8) . These either are
scattered randomly on the grid or, more infre-
quently, are coalesced into small clumps. String-
like structures are also present and often appear to
be constructed of the same sized particles. A
typical pattern of string and particle distribution
is shown in Figure 8.
Since the 144,000 g fraction has been shown to
have high ATPase activity (Table I), it was con-
sidered that some of the particles observed in this
fraction might be the free enzyme. This hypothesis
was confirmed by placing the resuspended 144,000
g fraction on a DEAE column, washing first with
0.05 M P04 buffer and then with increasing NaCl
concentrations, and finally eluting the green photo-
active fraction with NaC1 plus digitonin . The
pattern of protein elution, ATPase activity, and
photosystem I activity is shown in Table II. In
this case fraction 5, which still had very good
photosystem I activity, was found to be reduced
greatly in ATPase activity in relation to the origi-
nal sample. It was found in some experiments that
the ATPase activity could be removed almost
completely from the final green fraction by pro-
longed washing with 0.5 M NaCl in P04 buffer.
This tended to lower the rate of NADP activity,
however. In either case, the chromatographed
photosystem I fraction was composed of smooth-
surfaced membrane fragments when examined by
negative staining (Fig. 9) . The removal of the
110 A particles from these "purified" 144,000 g
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TABLE II
Purification of Coupling Factor Protein from the Photo-
system I Fraction
0.5'/'o digitonin
Ca++- NADP
dependent reduction
ATPase DCIP +
activity Ascorb.
NADP reduction and ATPase activities were as
described in Table I.
* Not sufficient chlorophyll to assay for photo-
chemical activity.
$ µmoles Pi released per mg protein/hr.
fractions apparently is correlated with the removal
of ATPase activity by chromatography .
Thin sectioned samples of "purified" photosys-
tem I fragments also reveal numerous small
vesicles (Fig. 10) . These membranes appear to be
single and to have an average thickness of about
40 A. Freeze-etch samples of the 144,000 g pellet
show a similar pattern of small vesicles and mem-
branous sheets (Figures 11 and 12) . The particles
on these vesicles are densely packed and have an
average size of about 110 A . These particles were
observed in both the "crude" 144,000 g pellet and
the chromatographically purified photosystem I
samples, with approximately the same pattern of
distribution. In all 144,000 g preparations ex-
amined, there was no evidence of large (175 A)
particles and no areas of widely dispersed "B"
particles as were shown in Figures 2, 4, and 7 .
DISCUSSION
Particles Visualized by Negative Staining vs .
Freeze-Etching
It is evident from this work that all particles
observable by negative staining techniques may be
removed from the chloroplast lamellar membrane
without having much effect on the appearance of
Crude 0 6.90 61 .4 325
144,000 g
fraction
From DEAE Column
*11 0 0.162 0 *
$2 0 .2 M 0 .308 0 *
$3 0 .4 M 0 .347 19 .4
$4 0.5 M 0 .220 113 .5 *
$5 0 .5 M+ 4 .00 18 .3 250
Conc. of
salt
added to Protein
Fraction buffer recovered
mgFIGURE 8 Negatively stained portion of the digitonin 144,000 g fraction showing particles and string-like
structures. X 110,000.
FIGURE 9 Membrane fragments seen by negative staining of the chromatographically purified 144,000 g
fraction. X 115,000.
FIGURE 10 A thin-sectioned sample of the 144,000 g digitonin fraction . X 140,000.FIGURE 11-12 . Particulate subunits of the 144,000 g digitonin fraction seen by freeze-etching. Fig. 11,
X 64,000; Fig. 12, X 197,000.
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(Figs. 1-4) . Park and Pheifhofer (16) have come
to a similar conclusion ; however, their technique
for washing the negatively staining particles from
the membranes was not as rigorous as our ap-
proach (the same as used by Howell and Moudri-
anakis, ref. 9). This result is consistent with two
current postulates : (A) that the negatively staining
particles are attached to the surface of the lamellar
membranes (9, 10) ; and (B) that the particles
visualized by freeze-etching are located on a sur-
face within the membrane (3) . If the particles ob-
served by freeze-etching were located on the outer
surface of the chloroplast lamellae membrane (see
Mthlethaler et al ., ref. 13), they should be visual-
ized by negative staining; this work clearly shows
they are not.
Ultrastructure Analysis of Digitonin-
Fractionated Chloroplasts
On the basis of biochemical function assays,
photosystem I and II are physically separable
(Table I) (1). The freeze-etch study of the two
fractions shows that the system II fraction has
membranous fragments in which the 175 A parti-
cles have essentially the same distribution pattern
on exposed fracture faces as the control chloro-
plast (Figs. 2 and 7) . However, in this fraction the
surfaces revealing the large particles are much
more numerous than those showing the smaller
particles. This is consistent with the concept that
a structural partitioning has occurred, leaving the
Fraction
Intact chloroplast
membranes (Photo-
system I & II ac-
tivity)
Digitonin 10,000 g
fraction (enriched
photosystem II ac-
tivity ; low photo-
system I activity)
Digitonin 144,000 g
fraction (shows only
photosystem I ac-
tivity)
TABLE III
Ultrastructural Characteristics of Subchloroplast Membranes
Negative staining
100-110 A particles
associated with the
membrane outer
surface
Mostly smooth mem-
branes with some
particles remaining
Smooth-membrane
vesicles
large particles enriched in the photosystem II
fraction. The fraction enriched in photosystem I
contains no 175 A particles, but consists only of
110 A particles (either dispersed or aggregated into
vesicles; Figs. 11 and 12). By two criteria, these
freeze-etch particles are not the coupling factor
protein observed by negative staining . Evidence
for this is: (A) the continued presence of 110 A
particles visualized by freeze-etching in EDTA-
washed smooth lamellar membranes; and (B) the
occurrence of 110 A particles in the photosystem I
fraction purified (by DEAF cellulose chromatogra-
phy) to remove ATPase activity.
By negative staining, large subunits were ob-
served in the 10,000 g membranes (M in Fig. 5) .
These subunits appear to be a part of the mem-
brane substructure and are not a surface-bound
particle as is the coupling factor . The similar size
and patterns of distribution off these subunits
indicate that they may be identical to the 175 A
particles seen by freeze-etching . Both negative
staining (Fig. 9) and thin sectioning (Fig. 10) show
that the system I fraction is primarily composed
of membranous sheets or vesicles . The distribution
of particles in the freeze-etch micrographs is con-
sistent with the concept that most of the particles
occur on or in such vesicles or sheets.
Measurements of many thin sections of material
in the 10,000 g and 144,000 g fractions have shown
that both fractions contain membranes which are
considerably thinner than the original chloroplast
lamellae. The 144,000 g membranes were also
Type of structure observed
Thin sectioning
	
Freeze-etching
75-80 A membrane
	
Membrane faces show
140 A partition mem-
	
175 A and 110 A par-
brane
	
ticles
110 A membrane with
	
Membrane faces pri-
occasional
	
marily show large
50 A membranes
	
(175 A) particles with
some areas of small
(110 A) particles
40 A membranes Only small particles
(110 A) are observed
on fracture faces
C. J. ARNTZEN, R. A. DILLEY, AND F. L. CRANE Freeze-Etch Studies of Chloroplast Fractions 27y •
	
a
o v U , ~ ~
•
	
A
+ cd
Y
cd
•
	
V O U
O C c~ C C
•
	
C,
•
U ~' U
•
	
° O
d
0 Q U . 0
U O F ~ ~
sT O 0 m
C .~
•
	
a
3
•
	
•
.
v w
O C7 '~ O ~ b
_0 0
H d
O
0 + 0 ^C sJ m
U
s
•
o ws .~
H d p `sr
bo ~
	
~
•
	
U bbp c0 .
Fa
•
	
G
U O
O w id d w Unoted to have a slightly smaller average thickness
than the membranes of the heavier fraction. This
seems to be in agreement with the freeze-etch data
which show only small (110 A) particles in the
light fraction and predominantly large (175 A)
particles in the heavy fraction . We interpret the
occurrence of thinner membranes after the digi-
tonin treatment as evidence that the detergent
splits the membrane logitudinally into two frag-
ments having the biochemical characteristics dis-
cussed above. These conclusions are summarized
in Table III. It should be noted that the particle
measurements from the freeze-etch samples give
the width of the subunit ; accurate height of parti-
cles cannot be determined because there is no
control of shadow angle in this technique . The
maximum height of membrane subunits can be
inferred from thin section measurements, although
this process might also be inaccurate because of
shrinkage during fixation and embedding . An
absolute size determination will probably not be
obtained until the individual particles have been
separated and isolated .
Of the numerous models dealing with the mo-
lecular structure of chloroplast membranes (see
ref. 23), no single model seems to provide a scheme
which will satisfy all the data discussed above.
Branton and Park (3), on the basis of freeze-etch
evidence, have presented a model showing two
sizes of membrane subunits. By their interpreta-
tion, the chloroplast membrane is split down the
middle during freeze-etching, revealing either
175 A or 110 A particles on the fracture faces (see
ref. 14 for a different interpretation of freeze-etch
data) . Our data would agree with Branton and
Park's model, and in addition would suggest that
detergent treatment of the membranes also leads
to a similar longitudinal membrane split. In this
case, the resulting fractions are shown, by freezing-
etching, to be characterized by membrane frag-
ments containing either predominantly large
particles or exclusively small particles. These frag-
ments are related to photosystem II and photo-
system I, respectively, as shown by the biochemical
studies. Our interpretation of these data is that the
two photosystems are located on opposing sides of
the chloroplast lamellar membrane, each having
a unique function and structure. As yet we cannot
assign a specific functional role to the particles per
se; however, they are unique markers of the respec-
tive p rtions of the membrane. This interpretation
is demonstrated in the binary membrane model
shown in Figure 13. This schematic view of a por-
tion of two thylakoids depicts the suggested ar-
rangement of subunits in the intact membrane.
Splitting in the plane of the membrane could
follow the hydrophobic interior and be caused by
either a freeze-etch fracture or digitonin treat-
ment. In the latter case, the membrane fragments
could be isolated separately as was done in these
experiments. It is assumed that, after digitonin
treatment, a freeze fracture will still follow the
region of hydrophobic interaction, which in this
case is the membrane-detergent interface . As is
evident from this model, it is probable that there
is interdigitation of the two types of particles in
the membrane. It is possible that there is some de-
formation and packing in closely spaced subunit
arrays. As previously described by Branton and
Park (3), three major fracture faces are revealed
by freeze-etch. Our model would agree that the
B and C faces result from a fracture along the in-
terior of the membrane, and that the A surface
represents the outside of the thylakoid membrane
(based on the similarity of particle density and
size compared to face C, but showing much less
detail). However, we emphasize that the substruc-
ture of the A face represents part of the subunits
associated with photosystem I, and that these sub-
units are not merely a matrix material surrounding
the 175 A particles, as previuosly postulated (3) .
Figure 13 also depicts the presence of the coupling
factor protein (ATPase) and carboxydismutase on
the outer lamellar surface, in agreement with
earlier work of Howell and Moudrianakis (10) .
These two proteins are readily detected by nega-
tive staining but not by freeze-fracturing, as this
work shows.
This model is in agreement with a recent theory
on the molecular organization of mitochondrial
cristae (4) . In that case, the electron transport
components have been suggested to exist in an
asymmetric binary membrane.
Recent disagreement as to which membrane
particles represent the true "quantasome" (10,
16, 17) is dependent on how this term is inter-
preted and will not be settled by the above
model. Since detergent fractionation of chloroplast
lamellae has produced two structurally different
fragments which have different photochemical ac-
tivities, it now seems likely that a quantasome, or
photosynthetic unit, may involve two or more sub-
units corresponding to the two photosystems . This
must certainly be considered in future discussions
of the quantasome concept . Further research is
needed to clarify whether the particles visualized
C. J. ARNTZEN, R. A. DILLEY, AND F. L. CRANE Freeze-Etch Studies of Chloroplast Fractions 29by freeze-etching are actual sites of photochemical
or enzymatic electron transport functions .
The authors would like to thank Drs . L. P. Vernon
and H. H. Mollenhauer and E . Shaw for their assist-
ance and advice during the course of this study .
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to us a copy of his chloroplast membrane model
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